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Introduction
The m em branes of higher-plant chloroplasts are characterized by specific lipids such as M G D G *, D G D G , SL, and PG. The two galactolipids which are the m ajor components contain exceptionally high levels of the trienoic fatty acids linolenic acid (18:3) and hexadecatrienoic acid (16:3) . An unusual fatty acid, trans-A3-hexadecenoic acid (t-16:1) esterified in PG is also a typical constituent of the chloroplast m em brane [1] .
It is generally known that chloroplast developm ent in higher plants is most significantly regulated by light. Light intensity and light quality influence the relative amounts of chlorophylls, pigm ent-protein complexes, m em brane proteins, and electron trans port constituents. Also there is increasing evidence that light can affect the expression of both nuclear and chloroplastic genes [2] , Several different photo receptors are involved in the regulation of these processes including phytochrome and one or more blue light photoreceptors.
A lthough lipids are the second most important constituent of the chloroplast m embrane (ca. 15% of total weight), little attention has been paid to the question of w hether light affects lipid metabolism. G enerally, light stimulates the synthesis of chloro plast lipids, in particular the synthesis of linolenic acid [1] , In previous reports from this laboratory it was shown that in the fern Anem ia phyllitidis the synthesis of linolenic acid is dependent on light [3, 4] , The aim of the present work was to determine the photoreceptors involved in this response. Fern gam etophytes provide an excellent means of study ing this question since they are composed of much more uniform tissue as compared to the leaves of higher plants. Furtherm ore, their development is well-known and is strongly influenced by light [5] . Results of this study show that phytochrome controls the induction of linolenic acid synthesis and the stimulation of galactolipid synthesis while blue light appears to be inhibitory to the desaturation of linoleic acid. 
Materials and Methods

Plant material
Spores of A nem ia phyllitidis (L.) Sw. and Pteris vittata L. were harvested from plants grown in the green house of the University of Ulm. Gametophytes were grown on a liquid salt medium as described previously [6] at 21 °C at different light regimes. Spores of A . phyllitidis were induced to germination and growth in darkness with 5 x 1CT6 g/ml gibberellic acid [7] and with a 48 h red light irradiation for de velopm ent in blue light. Spores of P. vittata were precultured on distilled water in white light as d e scribed previously [6] and were transferred to dark ness after 7 days. 
L ipid analysis
Lipids were extracted from gam etophytes by homogenization with glass beads in a dism em brator (Braun-M elsungen) with chloroform /m ethanol, 2:1 v/v. They were purified according to Folch et al. [8] . Total lipids were fractionated into groups by column chrom atography on a silicic acid column according to Kates [9] . The polar lipids were further fractionated on preparative silica gel plates im pregnated with 0.15 m ammonium sulfate using acetone/benzene/w a ter (91:30:8, by vol.). The various lipid classes were identified by co-chrom atography of authentic com pounds in different solvent systems and by specific reagents [9] . Fatty acid methyl esters were prepared from individual lipid classes by transm ethylation with BF3-methanol according to the procedure described by Van W ijngaarden [10] . Gas liquid chrom atogra phy was perform ed at 170 °C using a 180 cm x 2 mm glass column of 10% DEGS on chromosorb 100/120 mesh. Methyl pentadeconate was used as internal standard for quantification.
Electron m icroscopy
G am etophytes were fixed in 2.5% glutaraldehyde in 0.1 m cacodylate buffer, pH 7.4, postfixed for 2 h at 4 °C in 1% osmium tetroxid in water containing 0.1 m 3-am ino-l,2,4,triazole to intensify membrane contrast [11] . The tissue was dehydrated in an ethanol series. Additional staining was achieved with uranyl acetate followed by lead citrate. G am etophy tes were em bedded in ERL (Serva), sections were viewed in an EM 109 (Zeiss).
Results
Light effects on p o la r lipids and their fatty acids
A comparison of the major polar lipids of spores and gam etophytes grown under different light qual ities is shown in Table I (Table II) . Spores contain only 2% Table I M GDG  130  37  340  37  100  28  210  28  8  16  D G D G  60  18  220  24  100  29  170  23  3  6  PG  50  16  190  21  30  10  100  13  6  12  PE  40  13  80  9  60  17  120  16  10  19  PC  50  16  80  9  50  16  150  20  24  47  Total  330  100  910  100  340  100  750  100  51  100 Table II [4] ).
Synthesis of other chloroplast fatty acids was also found to be affected by light. Hexadecatrienoic acid, like linolenic acid, was synthesized only under white and red light conditions. The unusual fatty acid trans-hexadecenoic acid which is esterified in PG was found exclusively in white-light gametophytes and was 11% in 21 days old gametophytes.
Effect o f brief red light irradiations
In order to determ ine whether the light dependent synthesis of linolenic acid is m ediated by phyto chrom e, experim ents with brief red light exposures were made. Dark-grown gametophytes which con tain 2 -5% linolenic acid were irradiated with a brief red light pulse. Fig. 1 shows that a 30 min red light irradiation results in a marked increase in the am ount of 18:3-M GDG. The increase is from 5 to 7% immediately after the light treatm ent but be comes very prom inent after 24 h. Therefore, in the following experiments gametophytes were analyzed 24 h or 48 h after irradiation. Fig. 2 shows that the stimulating effect of brief red light exposures can be fully reversed by brief far-red exposures given im mediately after the red light. Fig. 2 also dem on strates the involvement of phytochrom e in the stim u latory effect of light on the synthesis of both galactolipids but in this case the increase is smaller.
Phytochrome involvement in the control of linolenic acid synthesis can also be dem onstrated in gametophytes of P. vittata. In a parallel experim ent it was found that dark-grown gam etophytes of Pteris contain 12% 18:3-MGDG. 48 h after a 30 min red light irradiation the am ount had increased to 26% and this increase could be partially reverted by farred light resulting in 20% 18:3-MGDG. Likq A nem ia also in Pteris a 30 min red light treatm ent was not sufficient to induce the synthesis of hexadecatrienoic acid. 
Light effects on ultrastructure
Electron micrographs from chloroplasts of lightgrown gametophytes exhibit features which are characteristic of higher plant chloroplasts, i.e. the m em branes are differentiated into strom a and grana thylakoids and plastoglobuli are present (Fig. 3a) . In contrast to this is the structural organization of chloroplasts of gam etophytes grown in blue light (Fig. 3b) . In these organelles the stromal regions of the thylakoid system are extrem ely reduced while the grana regions are extended. Thus, the strom a is com pletely filled with m ultilayered m em branes and a few starch grains. There are no distinct boundaries of the grana and the stacking appears less dense than in the grana stacks of plants from white light. Therefore it is difficult to decide w hether the large grana regions are true grana or merely adhering mem branes. In red light-grown gam etophytes the chloroplasts contain large starch grains and the thylakoids appear to be reduced as com pared to that of the white or blue light chloroplasts. The thylakoids exhibit rare granalike appressions (Fig. 3c). st. Kraiss 
Discussion
R ed light effects
The results presented in this study clearly show that in fern gam etophytes the synthesis of linolenic acid and also of galactolipids is under the control of phytochrom e. This could be dem onstrated by induction-reversion experim ents. In A . phyllitidis the in duction effect of a brief red light irradiation can be completely reversed by a brief far-red light irra diation. The incomplete reversion in P. vittata gam etophytes can be explained by the assumption that the inductive effect of 5 min red light may al ready be partially realized before being reversed by far-red light.
In this study the synthesis of 16:3-MGDG could not be induced by a 30 min red light treatm ent, only in continuous red light this fatty acid was present. Results from Centranthus ruber seedlings which re spond to 10 min red light treatm ent (Gemmrich, un published results) indicate that in this species the synthesis of 16:3 is also under phytochrome control.
Phytochrom e-m ediated responses can generally be brought about by inducing or stimulating biosynthe tic processes with red light [cf 12]. From the finding that linolenic acid synthesis does not occur in dark ness but upon exposure to red light, it is assumed that in A . ph yllitidis phytochrome action on linolenic acid synthesis is inductive. The induction of linolenic acid synthesis by white light has been reported in several plants, for example in developing cotyledons of cucum ber [13] , and Pharbitis nil [14] , and in barley leaves [15] . It seems likely that these inductive light effects are also m ediated by phytochrome. The red light m ediated increase in the amount of linolenic acid in P. vittata gam etophytes (this report) and in pea leaves [16] , the increase in galactolipids in A. p h yllitidis gam etophytes (this report) and in mustard seedlings [17] can be attributed to a modulation of the synthetic rate already occurring in darkness.
The results of this study are consistent with the hypothesis that phytochrom e controls chloroplast developm ent at different levels and through several independent initial actions [18] , for example also through synthesis of linolenic acid, hexadecatrienoic acid, and of galactolipids.
Blue light effects
The present study further establishes that a blue light photoreceptor is involved in the control of linolenic acid synthesis. From the extremely low in crease of 18:3-MGDG together with the accumula tion of its precursor linoleic acid in M G D G it is con cluded that blue light inhibits linoleic acid desaturase. This phenom enon appears to be unique in ferns but it is not very surprising since it is well-known that the blue light photoreceptor controls the most im por tant steps in fern developm ent like spore germ ina tion (literature see [5, 19] ), transition from one-to two-dimensional growth [5, 19] , and antheridiogenesis [6] . Unlike our results, in angiosperms blue light seems not to inhibit linolenic acid synthesis. For example seedlings of maize [20] , barley [21] and Pharbitis nil [14] are able to synthesize appreciable am ounts of linolenic acid in blue light.
O ur data give new insight in the relationship be tween lipid composition and function of the plastid. Preliminary results indicated that chloroplasts of blue light-grown gam etophytes of A . phyllitidis are photosynthetic active and the results presented here clearly dem onstrate that these chloroplasts are al most devoid of linolenic acid. From this it appears that the high level of linolenic acid which is up to 98% in angiosperm plants is not an absolute pre requisite for photosynthesis. Similar results have been obtained with A rabidopsis m utants with reduced levels of linolenic and hexadecatrienoic acid [22] , A nother striking effect of blue light is on m em brane arrangem ent. Recently, Tevini [21] observed an increase in m ultilayered thylakoids during green ing of barley leaves in blue light. Consistently but more pronounced in this study, we find m arked aug m entation of thylakoids and concomitant stacking appears less dense, in particular within the grana re gions. Quite different, in the radish seedling it was found that blue light, acting like high intensity white light, affects chloroplasts to contain fewer mem branes with lower stacking degree and smaller grana when compared to those in red light [23] . The fact that fern gametophytes prefer shady habitats and are mostly destroyed in full sun light may account for this discrepancy.
In general the question arises w hether the biochemical data may account for the ultrastructural modifications. Much recent work has shown that blue light as well as high intensity white light m od ifies the chlorophyll-protein complex, chlorophyll and carotenoid ratios, and the levels of constituents of the electron transport chain [24] . Blue light also enhances protein synthesis in isolated chloroplasts from D ryopteris filix-m as [25] and, as shown in this report, inhibits synthesis of linolenic acid, hexadecatrienoic acid and trans-hexadecenoic acid. From these observations it becomes evident that all mem brane components can be modified by blue light and simi larly by red light and thus no conclusive data are available to explain the causal events leading to properly stacked m em branes. Although the lightharvesting protein and trans-hexadecenoic acid (however cf. [26] ) are useful candidates for the proc ess of grana stacking [27] the question why m em branes are stacked is still open [28] . Blue light grown gam etophytes appear to be a suitable m aterial for further studies.
In conclusion our results indicate that in fern gam etophytes synthesis of constituent chloroplast lipids and fatty acids is under the control of both.
phytochrome and a blue light photoreceptor. The modification of lipid composition and most probably also of protein composition may be the reason for alterated membrane assembly. The blue light photo receptor seems to act as a counterpart to phyto chrome such that the promotive effect of red light is cancelled by the inhibitory effect of blue light. In the case of plastidogenesis both photoreceptors together are responsible for a coordinate synthesis and assem bly of the individual components of the photosynthe tic membrane.
